High-profile investigations have focused on alveolar regeneration after lung injury, notably expansion of the alveolar epithelial type 2 cell (AEC2) population (1) (2) (3) (4) . Investigations of AEC2 expansion, particularly mechanistic investigations using pharmacologic or genetic manipulation, require an accurate, unbiased method of quantitation to ensure valid comparison between experimental groups. AEC2 expansion is typically assessed by flow cytometry of cells recoverable from a lung digest (1) (2) (3) (5) (6) (7) or by counting cell profiles in arbitrary fields of immunostained lung sections (planimetry) (1, 2, 4, 7) . AEC2 expansion is usually measured as the percentage of AEC2s that are actively cycling, as determined by incorporation of nucleoside analogs (1) (2) (3) (4) (5) (6) (7) or AEC2 number as a percentage of a larger population, for example, total lung cells (1, 2, 5) ; rarely is absolute AEC2 number assessed (1, 7) .
These methods have not been validated and have important theoretical limitations. Flow cytometric analysis may be limited by incomplete and variable recovery of cells. Planimetric analysis may be biased by tissue inflation and shrinkage, cell loss during sectioning, the overrepresentation of larger cells in two-dimensional sections, and nonrandom sampling, which is particularly problematic for lung injury with a patchy distribution (8) (9) (10) .
Evaluating AEC2 expansion as the percentage of actively cycling cells is limited by the duration of the pulse and ascertains S phase, not cell division. Expressing the number of actively cycling cells as a percentage of total AEC2s, or total AEC2 number as a percentage of a larger population, may be confounded by changes in the denominator. Epithelial regeneration requires increased absolute AEC2 numbers to replace cells lost during injury.
Stereology is an unbiased approach recommended by the American Thoracic Society for the quantitation of cell number (10) but is rarely used to assess AEC2 expansion. Here, we employed stereology as the "gold standard" method for quantifying AEC2 expansion during repair after lung injury. We measured the absolute number of AEC2s, the key parameter for alveolar regeneration, and the absolute number and percentage of actively cycling AEC2s. The results were compared with flow cytometric and planimetric analyses.
Methods
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;mTmG 1/2 mice induced with tamoxifen were treated with LPS and bromodeoxyuridine (BrdU) (6, 11) .
Stereology. Lungs were inflation fixed, and systematic uniform random sampling was performed at every level using a multistage fractionator (10) (11) (12) . All lung tissue except the accessory lobe was paraffin-embedded with a block sampling fraction (bsf) of 2. Blocks were exhaustively cut into 30-mm sections and stained with antibodies against green fluorescent protein (GFP) and BrdU. Cuboidal GFP 1 or GFP 1 BrdU 1 cells were counted with an optical fractionator. The section sampling fraction (ssf), height sampling fraction (hsf), and area sampling fraction (asf) were determined. The total number of GFP
where SQ 2 is the number of cells counted. Cell volume was estimated by the nucleator method (10) .
Flow cytometry. Lungs were digested with dispase, elastase, and/or collagenase (1-3, 5, 6). Cells were stained with LIVE/DEAD fixable stain (Thermo Fisher) and then fixed, permeabilized, and stained for BrdU (6) . Debris was excluded by forward versus side scatter gating; subsequent gates included singlets, live, GFP (EpCAM, epithelial cell adhesion molecule; proSPC, pro-surfactant protein C) (6; and data not shown).
where N (L) is the total number of cells in the digest.
Planimetry. 
Results
Stereology. The number of AEC2s in the naive mouse lung was 14.3 6 1.7 3 10 6 , similar to previous estimates (13) . In the LPS model, lung injury peaks on Day 3 and is followed by repair (6) . During repair, AEC2 number increased by 50%, peaking on Day 7 ( Figure 1A) . The number and percentage of BrdU 1 AEC2s also peaked on Day 7 at 2.1 6 1.1 3 10 6 , or 9.9%. AEC2 size increased ( Figure 1B) . Flow cytometry. Only 2.6 6 1.4 3 10 6 of the 14.3 3 10 6 AEC2s in the naive lung were identifiable by flow cytometry (Figure 2A ). The number of AEC2s appeared to decrease during repair (Figure 2A ). This decrease was attributable to fewer cells in the GFP 1 gate; there were more total cells in the digest and no differences in other gates (data not shown). This pattern was also observed with unfixed, nonpermeabilized cells (data not shown). The absolute number and percentage of BrdU 1 AEC2s increased, peaking on Day 5 at 0.13 6 0.06 3 10 6 , or 12.2%. Planimetry. The number of AEC2s per high-power field increased by 90%, peaking on Day 7, at which point 3.2% were BrdU 1 ( Figure 2B ).
Discussion
In comparison with stereology, flow cytometry underestimated the number of AEC2s in the naive lung. Moreover, flow cytometry falsely demonstrated a decline in AEC2 number during regeneration. The number of actively cycling AEC2s during repair was also grossly underestimated. The percentage of cycling AEC2s was higher and peaked earlier by flow cytometry than by stereology, suggesting that the AEC2s detectable in the digest may not be representative of all AEC2s: cycling cells may be preferentially recoverable. These findings raise concern that apparent reduced AEC2 expansion in diseased lungs (1) or knockout mice (1, 5, 6) may be confounded by impaired recoverability from the digest of an injured lung.
Planimetric analysis overestimated AEC2 expansion during repair, perhaps because AEC2s hypertrophy and/or because the reduced compliance of injured lungs limits inflation, thereby decreasing lung volume and increasing cell density. The percentage of actively cycling cells was underestimated, probably because nuclei are less likely than cytoplasm/membrane to appear in a section. However, counting only cells with observable nuclei overestimated the percentage of actively cycling cells (data not shown), likely because cells in S phase and their nuclei enlarge. These results are consistent with a comparison between planimetric and stereologic quantitation of airway inflammatory cells (8) ; the novelty of our study lies in the inclusion of flow cytometric data and the application of stereology to the field of alveolar epithelial regeneration.
Although stereology is labor-intensive and requires expertise, our data demonstrate that flow cytometric and planimetric analyses are not reliable. As our findings presumably apply to other cell types, studies of tissue regeneration should include stereologic approaches. n
